We present a computational, atomistic study of electric field effects on the Youngʼs modulus of metal nanowires. The simulations are electromechanically coupled, where the mechanical forces on the atoms are obtained from realistic embedded atom method potentials, and where the electrostatic forces on the atoms are obtained using a point dipole electrostatic model that is modified to account for the different polarizability and bonding environment of surface atoms. By considering three different nanowire axial orientations (〈 〉 100 , 〈 〉 110 and 〈 〉 111 ) of varying cross sectional sizes and aspect ratios, we find that the Youngʼs modulus of the nanowires differs from that predicted for the purely mechanical case due to the elimination of nonlinear elastic stiffening or softening effects due to the electric field-induced positive relaxation strain relative to the relaxed mechanical configuration. We further find that 〈 〉 100 nanowires are most sensitive to the applied electric field, with Youngʼs moduli that can be increased more than 20% with increasing aspect ratio. Finally, while the orientation of the transverse surfaces does impact the Youngʼs modulus of the nanowires under applied electric field, the key factor controlling the magnitude of the stiffness change of the nanowires is the distance between atomic planes along the axial direction of the nanowire bulk.
Introduction
Low dimensional materials such as nanowires are known due to their large surface area to volume ratio to exhibit unique electronic, thermal, optical and mechanical properties as compared to standard bulk materials [1] [2] [3] . These physical properties have motivated the usage of nanowires as a potential building block for future nanotechnologies [4, 5] and nanoelectromechanical systems (NEMS) [6] [7] [8] . In many of these applications, particularly for NEMS, the nanowire is actuated by an externally applied electric field [9] . For example, the elastic properties of nanowires are often obtained by in situ transmission electron microscopy (TEM), in which the mechanical resonance of the nanowire is induced by the electrostatic forces that result from an alternating voltage [10] [11] [12] [13] .
However, when a conductive nanowire is subject to an electric field, its surface must be charged and polarized, and so there will be electrostatic forces exerted on the nanowire.
When an electrostatic field is applied, researchers have reported that the pressure on the nanowire surface is negative due to the strong electrostatic force when the distance between the nanowire and the electrode is small [9] . Because of this, it is natural to wonder whether the electric field applied by the in situ TEM has any influence on the measured Youngʼs modulus of the nanowire.
This question of electric field-induced effects on the elastic properties of nanostructures has driven research by various groups, though the majority of the existing work has been done on carbon nanotubes [14, 15] . In contrast, the effects of static electric fields on the Youngʼs modulus of metal nanowires have not been studied extensively [16] . For example, Zhu et al used a continuum surface elastic theory that accounted for electric field effects by incorporating it into the surface energy, and derived analytic expressions for the effective Youngʼs modulus [16] , finding that the electric field had a stronger effect with decreasing nanowire cross sectional dimension.
However, previous studies on metal nanowire/electric field interactions have not used a realistic atomistic model that accounts for surface orientation, axial orientation, and surface and bulk polarization in determining the Youngʼs modulus. Our work thus presents new insights on the role of electric field effects on the elastic properties of fcc metal nanowires resulting from coupled electromechanical atomistic calculations.
Methodology
The physical phenomena that must be captured for the electric field-induced coupling with the mechanical behavior involves accounting for the dipolar forces that arise for each atom in a metallic nanostructure due to the externally applied electric field. These induced dipoles result in an electrostatic force that will either augment or oppose any mechanical force that is applied to probe the mechanical properties of the nanostructure [17, 18] .
To formally study this coupled electromechanical problem, we write the total system energy of the nanostructure as the sum of the mechanical and electrostatic energies as [19, 20] ∑∑ ∑∑ where N is the total number of atoms in the system and r ij is the distance between atoms i and j. The mechanical potential energy V mech , and the resulting interatomic forces for silver is obtained using the well-established embedded atom (EAM) potential [21] , which is known to accurately represent both the bulk and surface properties for transition fcc metals [23] .
The calculation of the electrostatic forces is less standard, and so we present it in further detail here. In this model, based on the formulation of Jensen and Jensen [24] , we account for these polarization-induced forces using a modification of classical electrostatics, in which we associate an atomic polarizability with each atom and calculate the induced dipole for each atom self-consistently through their interactions with each other as well as the externally applied electric field using the relationships of classical electrostatics [24] .
For the nanowires we study, there are no net charges and chemical potential, so the total electrostatic energy V of the nanosystem can be written as where for nanowires in vacuum, the dipole-dipole interaction tensor αβ T ij, 11 is derived from classical electrostatics [24] , E ext is the external electric field, and μ is the dipole associated with each atom.
The dipole for each atom is obtained self-consistently by taking the derivative of equation (2) with respect to the induced dipole μ ind , giving the following set of linear Once the induced dipole on each atom is obtained from (3), the total electrostatic energy of the system is written as
where μ* is the solution of μ ind from (3). The electrostatic force → F k elec on each atom k can be obtained by differentiating the electrostatic total energy in (4) with respect to the atom positions to yield
A key modification to the atomistic electrostatic model presented above is to account for discrete nanoscale surface effects, where atoms that lie at corners, surfaces and edges have a different coordination number (i.e. number of bonding neighbors) than do bulk atoms, which will impact their dielectric response and dipolar polarizability. We capture these effects in the present work by adopting the method first proposed by Payton et al [25] .
To do so, we note that in classical electrodynamic theory, the Clausius-Mossotti relation defines the polarizability α as where V is the effective volume of the atom, ϵ is the dielectric constant of silver, ϵ 0 is the dielectric constant of the environment, and the cubic volume
3 0 0 where the effective radius for each atom is given by
surf bulk where = ( ) . Furthermore, for electrostatic problems, the dielectric constant is infinite, so the polarizability can be simplified as α = π R 6 3 . Finally, we note that this atomistic electrostatic model is conceptually similar as the well-known discrete dipole approximation [26] , with the key differences that each dipole is associated with an atom rather than an arbitrary volume, along with the fact that each atom has a position-dependent effective radius, therefore position-dependent polarizability.
As discussed above, the electrostatic forces are obtained based on (5) with the dielectric constant for silver obtained from the experimental work of Johnson and Christy [27] , while the mechanical forces are obtained using the EAM potential for silver [21] . To implement this electromechanical coupling, the electrostatic forces were implemented in a standalone function that was called and used to augment the mechanical force during each conjugate gradient iteration performed by the open source LAMMPS [28] atomistic simulation code.
Simulation description
The simulations were performed as follows. First, silver nanowires of various sizes, surface orientations, axial orientations and aspect ratios were created with the atoms placed at the bulk lattice spacing for silver of 4.09 Å. The nanowires were then relaxed to their equilibrium configurations without any applied electric field subject to the boundary condition that the atoms lying in the outermost planes at each end of the nanowire are constrained to move axially along the nanowire length. During this relaxation process, the nanowires contract in length due to the presence of tensile surface stresses [29] [30] [31] . After mechanical relaxation, the equilibrium configuration for a given electric field intensity is found by gradually increasing the electric field in small increments up to the specified value, while finding the equilibrium configuration of the nanowire for each electric field increment while again constraining the atoms that lie in the planes at each end of the nanowire to move in the axial direction. Increasing the intensity of the electric field results in an expansion of the nanowire due to the induced dipole-dipole repulsion.
Once this electromechanical equilibrium was found, the nanowires were deformed uniaxially in tension and compression by fixing the two ends of the nanowire, and applying strain in increments of 0.025% while the constant electric field continued to be applied. The Youngʼs modulus of the nanowire was calculated by extracting the reaction force at the displaced ends, and then converting it to stress by normalizing by the nanowire cross sectional area, and calculating the slope of the resulting stress versus strain curve.
We studied four different types of silver nanowires. We first studied 〈 〉 100 {100} nanowires and 〈 〉 100 {110} nanowires. Because these have the same 〈 〉 100 axial orientation, this will enable us to determine what effect different transverse surface orientations have on the electromechanical coupling. To study different axial orientations, we also studied 〈 〉 110 and 〈 〉 111 oriented silver nanowires. The cross sectional lengths D we considered were typically about 2 × 2 nm 2 , while the nanowire lengths L were chosen such as aspect ratios L D from 2 up to 5 were considered. Finally, electric field values of 0.1, 0.2 and 0.3 V Å −1 were applied to the nanowires. These values were chosen due to being commonly used in in situ TEM [19] .
Effects of electrostatic field on nanowire Youngʼs modulus

Relaxation strain
Before characterizing the electric field effects on the elastic properties of the nanowires, we first characterize the relaxation strain for 〈 〉 100 {100} nanowires with cross sectional length of D = 2 nm, and axial length from 4 to 10 nm, or aspect ratio L D ranging from 2-5. This is done as representative trends, such as the sensitivity of the nanowires to applied electric fields for different aspect ratios and electric field strengths, can be gleaned.
The results are shown in figure 1 . Specifically, it is clear that as the electric field intensity increases, so does the tensile relaxation strain, where we note that the strain is calculated with respect to the mechanically relaxed configuration, where the nanowire length is shorter than if the atoms sit at the bulk lattice sites due to the compressive strain induced by the tensile surface stresses [30] . The elongation of the nanowire relative to the mechanically relaxed configuration occurs due to the large tensile electrostatic forces that result at the two ends of the nanowires as a result of the applied electric fields, which cause elongation of the nanowire as compared to the nanowires that contract due to mechanical surface stresses. Figure 1 also shows that the relaxation strain depends on the nanowire aspect ratio L D. As can be seen, for a given electric field intensity, the tensile relaxation strain is largest for the largest aspect ratio nanowire of = L D 5, or when L = 10 nm. We also note that the deformation of the nanowire is the same if the electric field direction is reversed, which is similar to previous results obtained for electrostatically actuated carbon nanotubes [18] .
Because figure 1 considered a constant cross sectional size, we show in figure 2 the relaxation strain for a L = 6 nm long 〈 〉 100 {100} nanowire where the side length D varies between 2 and 3 nm. In this case, we demonstrate that the larger cross section, the smaller the relaxation strain for a given electric field intensity. This result, combined with that in figure 1 demonstrates that the relaxation strain for the nanowire for a given electric field increases nonlinearly with increasing electric field strength, and is dependent on both the axial length L and side length D, and thus the aspect ratio L D.
We also consider nanowires with the same geometry, but different surface and axial orientations. For this, we consider a nanowire geometry that is × × 10 2 2 nm 3 , with four different configurations: 〈 〉 100 {100}, 〈 〉 100 {110}, 〈 〉 110 and 〈 〉 111 . The relaxation strains for these four nanowires under different electric field intensities are shown in figure 3 . As shown in figure 3 , the 〈 〉 100 {100} and 〈 〉 100 {110} nanowires show the largest relaxation strains with the strains for the 〈 〉 100 {110} nanowire being slightly smaller. In contrast, the 〈 〉 110 and 〈 〉 111 nanowires exhibit considerably smaller relaxation strains for the same electric field intensity. In comparing the two 〈 〉 100 nanowires with different surface orientations, the relaxation strain is higher for the {100} surface than the {110} surface, which is likely due to the higher density of atoms on the {100} surface that can interact with the electric field.
However, we still need to explain why the relaxation strain for the 〈 〉 100 nanowires is larger than the 〈 〉 110 nanowires, which is finally larger than the 〈 〉 111 nanowires. The reason for this lies in the distance between adjacent planes along the axial direction. For example, for the 〈 〉 100 nanowires, the distance between atomic planes along the 〈 〉 100 direction is a 2, where a = 4.09 Å is the lattice constant for silver. In contrast, the distance between atomic planes in the 〈 〉 110 direction is a 2 2, while in the 〈 〉 111 direction it is a 2 3 3. This interplanar distance determines how strongly the atoms interact with each other under the effect of the applied electric field, and explains the trend in the relaxation strain for different axial orientations seen in figure 3. 
Electric field effects on nanowire Youngʼs modulus
Having characterized the equilibrium configurations due to externally applied electric fields, we now continue to characterize the resulting change in elastic properties. We first consider again the 〈 〉 100 {100} nanowire with dimensions × × 10 2 2 nm 3 , subject to tensile loading under electric fields ranging from 0 to 0.3 V Å −1 . As shown in figure 4 , the stiffness of the nanowire increases steadily with increasing electric field, which Figure 1 . The relaxation strain versus electric field intensity for a 2 nm side length 〈 〉 100 {100} nanowire, and the nanowire axial length varies from 4 to 10 nm, or the aspect ratio of the nanowire ranges from 2 to 5. correlates to the increased sensitivity in the form of a larger tensile relaxation strain previously seen in figure 1 as the electric field intensity is increased. In the following, we discuss how size, aspect ratio, surface orientation, and axial orientation, impact the elastic properties of the metal nanowires that are subject to an external electric field.
Axial length effects.
We first examine how the Youngʼs modulus is impacted by increasing the aspect ratio of the nanowires as they are subject to different electric field intensities. The percent change in Youngʼs modulus that is plotted in figure 5 and subsequent figures is calculated as
, where E is the Youngʼs modulus of the nanowire subject to electric fields, and E 0 is the Youngʼs modulus of the nanowire without electric field effects. As shown in figure 5 for a 〈 〉 100 {100} nanowire with cross sectional dimensions of 2 × 2 nm 2 and different lengths, the Youngʼs modulus increases with increasing axial length, therefore increasing aspect ratio, and also for increasing electric field intensity. This observation is also found for the other nanowire orientations we considered.
4.2.2.
Cross-sectional length effects. We next consider the effects of cross sectional length D on the Youngʼs modulus. In this case, we considered a 〈 〉 100 {100} nanowire with fixed axial length L = 6 nm, while varying the cross sectional length D between 2 and 3 nm. As shown in figure 6 , as the nanowire thickness increases, the change in nanowire Youngʼs modulus decreases, indicating a weakening of the electric field impact for nanowires with smaller aspect ratios.
Axial orientation and surface effects.
Having examined different geometric effects on how electric fields impact the Youngʼs modulus of silver nanowires, we now discuss how the mechanical stiffness of nanowires with different axial orientations, as well as how nanowires with different transverse surfaces are impacted by an externally applied electric field. To do so, we consider the four structures previously discussed, i.e. 〈 〉 100 {100}, 〈 〉 100 {110}, 〈 〉 110 , 〈 〉 111 . For all four cases, we study silver nanowires with a constant cross sectional length of D = 2 nm, while varying the axial length L from 4 to 10 nm to ensure that the difference in Youngʼs modulus induced by the electric field is not due to cross sectional size effects.
The results for the different nanowires are shown in figure 7 . As can be seen, with the increasing aspect ratio, both 〈 〉 100 nanowires stiffen while the 〈 〉 110 nanowires soften, under the electrostatic field. In contrast, the 〈 〉 111 nanowires show little change in stiffness with increasing aspect ratio. Indeed, for the purely mechanical case, it was established by Liang et al [32] for very small cross section nanowires like the ones considered in this work that bulk nonlinear elasticity, which results from the large compressive strains that nanowires undergo due to the tensile surface stresses [30] , causes 〈 〉 100 nanowires to soften as compared to the bulk material, 〈 〉 110 nanowires to stiffen as compared to the bulk material, while 〈 〉 111 nanowires have a relatively small relaxation strain, and thus little change in the mechanical stiffness as compared to the bulk material. Furthermore, the higher the surface-stress-induced compressive strain, the stronger the softening or stiffening effect.
However, when an electric field is applied to the nanowires, the relaxation strain is tensile, as shown in figure 3 , and so the nanowire is longer as compared to the mechanically relaxed nanowire, i.e. the nanowire undergoes less compressive strain. Because of this, the compressive bulk nonlinear elasticity that controls the mechanical stiffening or softening in the purely mechanical case [32] is obviated under the electric field, and the nonlinear elasticity-induced stiffening or softening effect that results from the surface-stressinduced compressive strain is weakened. Therefore, compared to the purely mechanical case, the 〈 〉 100 nanowires under electrostatic field have a smaller compressive relaxation strain, which weakens the softening effect and thus results in a higher Youngʼs modulus, while the opposite trend is seen for 〈 〉 110 nanowires. As the nanowire aspect ratio increases, the compressive relaxation strain becomes smaller, and thus a larger relative change in Youngʼs modulus is observed. Again we emphasize that the normalizing value for the Youngʼs modulus E 0 in figure 7 is not the Youngʼs modulus for bulk silver, but the value of purely mechanically stretched nanowire [32] .
This also explains the results seen previously in figures 5 and 6. In particular, as shown by Park and Klein [22] , the relaxation strain of the nanowires increases with increasing aspect ratio, for a fixed cross sectional size, and decreases with increasing cross sectional size for a constant length.
Because the compressive relaxation strain, which increases with increasing length (or increasing aspect ratio), is reduced due to the applied electric field, a larger relative change in Youngʼs modulus is observed in figure 5 with increasing length because longer nanowires exhibit more nonlinear elastic stiffening or softening. In contrast, because the aspect ratio decreases for the constant length nanowires as the cross sectional dimension increases, there is a decrease in the alleviation of the nonlinear elastic softening, and thus a decrease in the change of Youngʼs modulus is observed in figure 6 .
The results in figure 7 also shed light on the role of surface effects in controlling the Youngʼs modulus under an applied electric field. Specifically, in comparing the Youngʼs modulus for the two 〈 〉 100 nanowires, it is shown that both have the same trend, i.e. an increasing stiffness with increasing aspect ratio. The 〈 〉 100 {100} nanowire is somewhat stiffer than the 〈 〉 100 {110} nanowire, which is due to the fact that the density of atoms on the {100} surface is higher than that on the {110} surface. Thus, we conclude that while the surface orientation does impact the value of the nanowire stiffness when subject to an electric field, the key factor controlling the magnitude of the stiffness change is in fact the distance between atomic planes along the axial direction of the nanowire bulk.
Discussion
Before closing, we compare our atomistic results against those previously obtained using analytical models. In particular, we compare our results against those of Zhu and Zheng [16] . In that work, the authors developed a continuum surface elasticity model incorporating surface electrostatic effects to study the change in the axial and transverse stiffness of copper nanowires due to applied electric fields. For 〈 〉 100 {100} copper nanowires subject to axially applied electric fields, they found a decrease in the axial stiffness of the nanowire. We further note that only 〈 〉 100 nanowires were considered, and thus no orientation-dependency was obtained.
The softening results reported by Zhu and Zheng [16] are in contrast to those we find using the fully coupled electromechanical atomistic model. The reason for this is because the initial relaxation strain, which we capture in this work, and which has previously been established to control the trend of the axial stiffness due to nonlinear elastic effects [32] , was not considered in the theoretical model. In other words, the important effect of core nonlinear elasticity is neglected in the theoretical model due to the lack of initial relaxation strain.
Conclusion
In conclusion, we have demonstrated, using an electromechanically coupled atomistic simulation with realistic models for both the mechanical and electrostatic properties, that applied electric fields can significantly alter the Youngʼs modulus of metal nanowires. While the effect is most dramatic for 〈 〉 100 nanowires, 〈 〉 110 and 〈 〉 111 nanowires also show effects, particularly as the aspect ratio increases. The effect appears size-dependent and thus most important for nanowires with very small cross sectional dimensions or high aspect ratios due to the fact that the mechanism underpinning the change in the Youngʼs modulus is the reduction of the nonlinear elastic stiffening or softening that occurs due to the initial surface-stress-induced compressive strain in the relaxed nanowires.
